Making links between ecological processes and the scales at which they operate is an enduring challenge of community ecology. Our understanding of ecological communities cannot advance if we do not distinguish larger scale processes from smaller ones.
larger regional scale levels (MacArthur & Wilson, 1967) . More recent findings suggest that scale dependency is the key to disentangling patterns in community structure (Boulangeat, Gravel, & Thuiller, 2012; Chase & Myers, 2011; Holyoak, Leibold, Mouquet, Holt, & Hoopes, 2005) .
The abundance and distribution of organisms can respond to varying factors across scales. For instance, light availability and soil chemistry are known determining factors of terrestrial plant communities at local scales, while precipitation and habitat connectivity are important determining factors at regional scales (Medina et al., 2014; Svenning & Skov, 2005) . In bird communities, food-producing plants determine fruit and nectar availability, which in turn determine both local and regional avifaunal variations (Tellería & Pérez-Tris, 2003) . In marine subtidal habitats, benthic fouling communities are characterized by life histories that are similar to terrestrial plants: sessile adults producing dispersive propagules. In these fouling communities, high levels of variation can often be found on small spatial scales (e.g., from cm to tens of m, Farnsworth & Ellison, 1996; Underwood & Chapman, 1996) . These levels of variation could be explained by interactions among different species (i.e., avoidance, facilitation, and predation), or by small-scale environmental variables (i.e., haphazard scattering of suitable microhabitats, Underwood & Chapman, 1996) . As most species of marine fouling communities have a relatively short larval period (in contrast to the seeds of many terrestrial plants), the spatial structure of these communities is thought to be strongly regulated by early colonization and by small-scale environmental variables (Caley et al., 1996) .
In establishing the "assembly rules" of communities, a common approach is to explore the relationship between biodiversity and environmental gradients. Such approaches typically focus on mean biodiversity changes; much less attention is given to the variance around the mean of biodiversity, especially in the absence of obvious environmental differences (but see Benedetti-Cecchi, 2003; Legendre, Borcard, & Peres-Neto, 2005; Tuomisto & Ruokolainen, 2006) . For instance, beta-diversity (the difference in species richness among sites) is often quantified along an axis of environmental gradient (e.g., productivity gradient and habitat size gradient) and then regressed against the gradient. The unexplained part (variation in diversity in the absence of environmental differences) is often concluded to be "artificial," due to uncontrolled factors or pure sampling error (e.g., Olivier & van Aarde, 2014 ). This artificial view should be updated to reflect recent conceptual synthesis, which emphasizes the relative importance of niche determinism versus neutral stochasticity in community assembly (Chase & Myers, 2011; Vellend et al., 2014) . Specifically, the operation of neutral stochasticity has been inferred, when community structural variation is explained by the order of species colonization (De Meester, Vanoverbeke, Kilsdonk, & Urban, 2016) , or by habitat spatial structure rather than environmental heterogeneity (Cottenie, 2005) . Therefore, residual variance can be as informative as mean diversity changes across gradients, because the residuals carry information about neutral stochasticity. In the case of marine fouling communities, the timing of reproduction, larva settlement choice, and predation may have entirely deterministic cues, but the precise location and timing of these biological processes are purely stochastic relative to each other (Vellend et al., 2014) . Therefore, what appears to be unexplained random variation could in fact contain an important ecological signal (Fig. 1 ).
The challenge of explaining random variation prompted an investigation into the scale dependency of a marine fouling community within a habitat that lacks systematic environmental spatial variation.
Hierarchical variance partitioning is a useful way to separate scaledependent ecological patterns (Bolker et al., 2009 ). For instance, adult barnacles compete for planktonic food sources directly with their neighbors within a 0.01-0.1 m range, but produce free-swimming larvae that disperse and interact with other populations over hundreds of kilometers (Pfeiffer-Herbert, McManus, Raimondi, Chao, & Chai, 2007) . Marine coastal ecosystems are thus hierarchical in structure and should be analyzed as such (e.g., MacNeil et al., 2009 ).
The goal of this study was to investigate the variation in a marine fouling community on two different spatial scales: a few centimeters F I G U R E 1 One of the experimental plots bearing intact fouling community. This plot was occupied by many colonies of the arborescent bryozoan Bugula neritina, along with other encrusting bryozoans and colonial ascidians. Photograph credit: Chun-Yi Chang apart (plot level) and 10s of m apart (patch level). To achieve this, we took a strictly phenomenological approach in which we had no preconception about what factors might have produced the pattern, except the spatial scale. The variation in the abundance of important functional groups (representing different life-history strategies), as well as the structural variation of the full community, was the focus of our analysis. Using hierarchical variance partitioning, we separated the variance into different components representing plot and patch scales.
Specifically, we asked: Was the total variation in the community mainly due to patch-level differences? Were the distributions of functional groups (dis)similar across scales?
| METHODS

| Study site and the fouling community
Experiments were performed within Blairgowrie Marina (38°21′31″S, 144°46′23″E) near the southern tip of Port Phillip Bay, Melbourne, Australia. The marine fouling community of the study region consists of species that compete for space for growth and reproduction ( Fig. 1) . Competition for food and oxygen can also be intense (Ferguson, White, & Marshall, 2013; Svensson & Marshall, 2015) .
From our samples, we isolated three of the major functional groups with distinct growth forms and life-history strategies, to examine their spatial distribution in detail. Encrusting bryozoans have larvae that are among the first to colonize bare surface during early austral summer. With an encrusting growth form, young colonies take over spaces quickly and become reproductive within 8 weeks. Soon after reproducing, part or all of the adult colonies may begin to senesce, freeing up space for colonization of other species. Encrusting bryozoans represent the functional group with an opportunistic larval stage and larger resource requirements as adults (Hart & Marshall, 2012) . Arborescent bryozoans have tree-like growth forms and are more abundant during mid-and late-assembly stages. With an upright growth form, they exploit resource niches that are different from the other encrusting species, but often eventually displaced from later stage communities. They rely less on being a fast grower and an opportunistic colonizer and represent the functional group with a slower growth rate and weaker competitive abilities. Colonial ascidians represent a competitively dominant functional group with large resource requirements as adults (Russ, 1982; Sams & Keough, 2012b) . They are less competitive as juveniles and can alternate between different life-history strategies depending on the surrounding biotic and abiotic environment (Stoner, 1992) .
| Experiment setup
Underwater patches were created using PVC panels (55 × 55 cm) for fouling communities to establish. There were 16 plots per patch; each plot was 11 × 11 cm. Each patch carried 16 plots which were placed 2 cm apart from one another. Care was taken so that plots of the same patch remained independent from each other: Every 30 days during sampling, plots were changed to a different location within their patch, determined by a random number generator (R Development Core Team, 2011) . The surfaces of plots were roughened with sandpaper to encourage larvae settlement. Patches were hung horizontally on a floating pontoon, submerged 1 m below the water surface facing downwards. The floating pontoon was 3 m wide, 100 m long. The water depth ranged from 5.5 to 6 m.
| Field program
To quantify the spatial variation, we monitored 12 patches over a period of 3 months. We sampled each patch every 30 days during the austral summer (from December 2012 to the end of February 2013).
During sampling, four randomly chosen plots, determined by a random number generator (R Development Core Team, 2011), from each patch were brought back to the laboratory and photographed. The abundance of a species in a plot was quantified in terms of its percentage cover: the area occupied by a species divided by total plot area. A subsampling method was used to generate the percentage cover estimate for all species: Computer software (Coral Point Count with Excel extensions, Kohler & Gill, 2006) was used to generate 100 randomly distributed points over each photograph. All visible, sessile species under the points were recorded. Photographic sampling is a common practice in quantifying the percentage cover of fouling communities (e.g., Drummond & Connell, 2005) . We use "species cover"
hereafter to refer to the multivariate species composition data that characterized each plot.
| Modeling population and community structure variation
The approach we took was a phenomenological one, that is, in our experimental design, we did not include any predictor variable assumed to relate to a particular mechanism. The only "treatment" to the community was the spatial nestedness of plots into patches, which was modeled as a random factor. Here, the key assumption is that the environment showed no systematic spatial variation-obviously, no natural habitat is perfectly homogeneous. Homogeneity of environmental variables depends on the scale of investigation which, in our study, was the scale of the pontoon. We assumed that the environment did not vary systematically along the pontoon. If such environmental gradient exists, assigning patch as a random factor would be invalid, as it would instead represent an environmental gradient. We believe our assumption was justified for the following two reasons.
First, the artificial substrata effectively eliminated any topological differences that may influence initial larval settlement choice. Second, species cover in any given patch only showed random deviations from the sitewide pattern, with no evidence of directional, linear change along the pontoon (see Fig. S1 for supporting data). Therefore, we can proceed to investigate the plot-and patch-level variation, which was independent of where the patch was located on the pontoon.
To quantify population and community variation at the patch level and at the plot level, and to investigate whether they varied differently across two scales, we analyzed the spatial distribution of selected taxa that represent dominant growth forms (encrusting bryozoans, arborescent bryozoans, and colonial ascidians). For community structure, we calculated three univariate summary statistics from the multivariate species cover data: species richness (S), loadings from correspondence analysis (CA) axis 1, and loadings from CA axis 2 (Oksanen et al., 2016) .
CA can be used to summarize community structure when species abundances are quantified in terms of frequencies (the number of points in our case). CA preserves the chi-square distances among sampling units, which ensures that the influence of rare species is not overlooked.
Population abundance distribution and community summary statistics were then modeled using a hierarchical random-effects model, fitted using restricted maximum likelihood (MIXED procedure of SAS 9.4, SAS Institute, Cary, NC). y is the response variable; μ is the overall intercept; Patch is a categorical variable representing patch identity, which accounted for the patch-level variance and was modeled as a random effect. The model had no fixed term and estimated the patch effects based on the random deviations (normally distributed with mean 0, variance σ 2 ) of summary statistics from the fixed patch means. ε is the error term that accounted for the plot-level variance. The total variance was partitioned into those due to patches and those due to plots within patches (the error term). Significance tests were performed using likelihood ratio tests. Our main goal was to partition the spatial variation; therefore, monthly samples were analyzed separately.
| RESULTS
Throughout the sampling period, we recorded 33 taxa in the fouling community, of which 31 were invertebrates and two were algae. Most community members could be identified to the species level; for those that could not be identified to species using a digital photograph, morphospecies were assigned based on their morphological features (a list of common taxa along with their adult growth form can be found in Table S1 ).
| Abundance and distribution of dominant taxa
We saw different taxa dominating the community at different sampling times (Fig. 2) . Tubeworms covered c. 30% of the space at weeks 4 and 8 and were overgrown by other organisms at week 12.
Solitary ascidians (that include three morphospecies) and encrusting bryozoans (that include seven species) increased steadily in their space cover over time. At week 12, encrusting bryozoans occupied c.
20% of the space while solitary ascidians had c. 10% of space cover.
Arborescent bryozoans (includes four species) and colonial ascidians had their maximum cover only at week 8 (34% and 28%, respectively) and had less cover at weeks 4 and 12.
Apart from these overall patterns, for the three important functional groups, we further examined their abundance variation from plot to plot. Across different groups, plot-level variance always fluctuated in response to the mean (Fig. 3A) . Higher variance was always associated with a higher mean. Consequently, spatial variability of encrusting bryozoans increased in time with its overall percent cover, with the greatest variation observed at week 12. In contrast, arborescent bryozoans and colonial ascidians both showed the highest amount of plot-to-plot variation during mid-succession, at week 8.
| Patterns in community structure
Similar to the patterns of functional groups, community structure also varied considerably in space (Fig. 3B, C) . At week 4, we recorded 22 taxa sitewide (species richness S = 22). The average S in any given plot was 7.5. At week 8, sitewide S increased to 28, with an average S for a given plot being 13. At week 12, both sitewide and plot-averaged S decreased slightly to become 21 and 12.5, respectively. Shannon diversity index H showed a temporal pattern similar to S where the community was most diverse during mid-succession (Fig. 3C) . Both S and H had similar amount of spatial variability over time as the size of each box was similar over time. Nonetheless, the H observed in each plot at week 4 appeared to tend toward smaller values, suggesting that plots at this stage were mostly colonized by only a few common taxa.
| Patch-level versus plot-level variability
Results of the variance partitioning showed that patch differences were sometimes important in maintaining the spatial variation in the abundance distribution of the three functional groups, depending on the identity of the functional group (Fig. 4) . For encrusting bryozoans, the observed plot-to-plot variance in their abundance was not significant at the patch scale at week 4 (early succession). Models with and without patch identity as a random factor fitted the encrusting bryozoan data equally well under our likelihood ratio tests. This suggests y = μ+Patch ∼ N(0,σ 2 ) +ε F I G U R E 2 Percentage cover of nine most abundant taxa found at our field site. Data represent cover of each taxon summed across all plots. Cni-cnidarians; Oys-oyster; Alg-algae; Spg-sponges; Sol-solitary ascidians; Arb-arborescent bryozoans; Col-colonial ascidians; Enc-encrusting bryozoans; Tub-tubeworms. Refer to Table S1 for growth form of each taxon Percentage cover
that, during early succession, the abundance of encrusting bryozoans found in any two plots did not depend on whether or not they were in the same patch. At weeks 8 and 12, the model with patch identity as a random factor performed significantly better in explaining the encrusting bryozoan distribution than the model without patch identity.
For arborescent bryozoans (Fig. 4) , the model with patch random effect always had a better fit than the model ignoring patch identity, regardless of the timing of sampling. In other words, arborescent bryozoans always had significant variation both at the level of patch and plot.
For populations of colonial ascidians (Fig. 4) , aggregation at the patch scale was only significant at week 8 (mid-succession). During early and late succession, their spatial distribution did not show an obvious pattern following patch identity.
For the variation in community structure, the patch-scale pattern was always significant (Fig. 5) , regardless of how community structure was quantified. This suggests that we could always expect two plots to develop more similar communities if they were in the same patch. By further calculating all pairwise plot similarity and separating them into among-and within-patch pairs, we found that communities in different patches were on average 18% more different than communities developed in the same patch (Fig. S2) . Among-patch similarities were always significantly lower than within-patch similarities.
| DISCUSSION
Individual populations as well as community structure showed pronounced variation among different plots at our field site. We also found that patch contributed significantly to this plot-to-plot pattern. F I G U R E 5 Plot-to-plot variation in community structure partitioned into those explained at the patch level, and those explained at the level of plots within patches (residual). Community structure is quantified in three ways: species richness (S) and the first two axes of correspondence analysis (CA). An asterisk indicates that the model with patch information explained the distribution significantly better than the null model (one without patch information) at a significance level of p = .05
Plot ( That is, when plots were grouped according to their patch identity, patch-to-patch variation emerged. For the distribution of important functional groups, the importance of patch effects differed across different stages of community assembly; nonetheless, patch effects were always a significant component contributing to the variation of the overall community. In the current study, distance between patches ranged from 3 m up to 80 m. At this spatial scale, both populations and communities have been reported to exhibit high spatial variability (Coleman, 2002; Underwood & Chapman, 1996) . In subtidal habitats, variability at this spatial scale can be generated by environmental heterogeneity, which can in turn facilitate differences in the abundance of habitat-engineering species, nutrient turnover, or larvae dispersal (Kendrick & Walker, 1995; Sams & Keough, 2013b ).
With our experimental setup, systematic environmental variation was minimized by two key elements. First, all patches were located on a single pontoon inside a marina that had particularly low wave energy throughout. Second, we homogenized substrata topology and orientation for all experiments using suspended PVC panels. We therefore suggest that processes other than systematic environmental variation were the principal drivers behind patch-scale variation. For instance, the dispersal of larvae can introduce variability at both large and small spatial scales. While large-scale larval dispersal can be understood through the study of regional ocean current dynamics, small-scale patterns of larval dispersal are often driven by biological factors (Caro, Navarrete, & Castilla, 2010) . Here, the length of larval period, larvae swimming behavior, and settlement choice could all determine smallscale dispersal patterns.
For whole-community variation, patch effects were always significant for weeks 4, 8, and 12 assemblages, suggesting that initial dispersal alone did not generate the patch effects. Biotic interactions that took place after settlement and recruitment may have promoted subsequent patch-scale differences. Accumulating evidence now suggests that the order of species arrival can have a great influence on subsequent assemblage structure (Chang & Marshall, 2016; Vellend et al., 2014) . By arriving early into new patches, weak resource competitors could avoid extinction in a community through niche preemption (this is particularly noticeable in arborescent species). Similarly, dominant species could also attain monopolization of individual plots by arriving earlier than other members from the same guild (De Meester et al., 2016; Keough, 1984) . Both negative (competitive) and positive (facilitative) interactions between organisms would certainly have generated and maintained the community variation at the patch scale after week 8, where the three important functional groups occupied c. 70% of plot surface. As populations increased in their percentage cover, colonies overgrowing each other were more commonly observed (authors' personal observation). Furthermore, the outcome of biotic interactions may also depend on trait differences among taxa, which would in turn affect the overall community pattern. Tradeoffs between life-history traits are an important mechanism that maintain diversity in communities (Tilman, 2004) . A classic example among fouling communities is the colonization-competition trade-off (Edwards & Stachowicz, 2010; Sousa, 1979) , in which different species invest differently in the reproduction versus vegetative growth.
If species rely heavily on the larval period, they may have traits such as better larval dispersal ability or rapid sexual maturity. Other species investing in postrecruitment stages may grow slower, but may eventually become better competitors for resources (e.g., space). The arborescent bryozoans appear to adopt the former strategy as we observed an early pulse of settlers that distributed relatively evenly over the study site, and then quickly occupied over 30% of the plots in less than 6 weeks. In contrast, solitary ascidians such as Pyura may adopt the latter strategy, as they were hardly found during the first 4 weeks in our plots, but gradually overgrew other species as succession occurred. Dalby (1995) reported that Pyura colonize steadily throughout the year but rarely dominate settlement events. Such segregation in phenology may be an important way in which diversity is maintained (Butler & Chesson, 1990 ).
Another important factor driving different patterns among different populations is the asymmetric interaction strength among species.
A competitive dominant may inhibit the growth of one species while facilitate the other. Furthermore, ontogeny may change how species interact throughout life stages. The combined net effect of asymmetric interactions may thus generate different community patterns at different ages. The larvae of some species with high space demand have been shown to avoid settling near large space-occupying competitors (Gaines & Roughgarden, 1985; Grosberg, 1981) , such as Pyura in our study system. Meanwhile, in other studies, Pyura have also been shown to facilitate adjacent bryozoan larval settlement and colony growth (Sams & Keough, 2013a) . Moreover, depending on resource availability, interactions within taxa may propagate to the community level with completely opposite effects. For instance, if the patch is already crowded, then the facilitated Bugula spp. settlement
by Pyura may not last long enough to affect succession at later stages because Bugula are short-lived. However, if there is plenty of free space, Bugula spp. have the potential to alter community structure through direct interaction with colonizers of longer-lived species (Menge, 1995) . Similar to the community-level patterns, percentage cover of three functional groups showed significant spatial variation at the patch scale. The magnitude of fluctuation in populations can be much greater than those community-wide diversity patterns (Fig. 3 ).
There are other systems known to have similar contrasts (community vs. population variability). Tilman (1996) reported that variations in grassland total community biomass were relatively stable compared with population abundance variation. Our results demonstrate that the difference in variation between populations and communities can be observed on shorter, within-generation time scales. Whether the same set of mechanisms are in operation between long and short time scales is not clear at this point. In our observations, there seems to be complementary space occupiers. For instance, when arborescent bryozoans failed to establish in a plot, colonial ascidians such as Botrylloides or Didemnum were very likely to take advantage of the free space. Thus, so long as this complementary relationship holds among species, there will be relatively little variation in terms of species richness. However, the coarse taxonomic resolution used in our study should be interpreted with caution. Major colonial ascidian populations were lumped into functional groups because species identification was problematic with our photographic sampling. Therefore, it is possible that our analysis underestimates the total community variance if populations varied more at the species level than at other coarser levels. Nevertheless, it is clear that spatial variation among patches was significant at both population and community levels employed in the current study.
Initial recruits of encrusting bryozoans (week 4) showed no significant patterns at the patch scale. Patch effects only occurred at weeks 8 and 12. This suggests that the initial distribution of encrusting bryozoans was largely random at both plot and patch scales that we explored. Patch effects that emerged later were most likely due to the higher amount of space occupied by this functional group and the resulting greater biotic interactions among community members.
A dominant encrusting bryozoan species, Watersipora subtorquata, was found to suffer from higher mortality when they were adjacent to barnacles and ascidians (Sams, Warren-Myers, & Keough, 2015) . In accordance with our results, this disadvantage in survival only became apparent 8 weeks after settlement.
The distribution of arborescent bryozoans showed significant patch effects throughout the experiment. Arborescent bryozoans are generally weak competitors and their adults are known to facilitate the recruitment of tubeworms (Osman & Whitlatch, 1995; Sams & Keough, 2012a) , both implying that arborescent bryozoans may be susceptible to strong biotic interactions regardless of their developmental stage, which is supported by our observation.
Colonial ascidians only showed significant patch effects at week 8, while at week 4 and 12, their distribution was mostly random at both the plot and patch scales. The most abundant colonial ascidian, Didemnum, was a dominant competitor and was capable of overgrowing other species and monopolizing an entire plot in some of our experiments. Their overgrowth regardless of the presence of other neighbors could explain their distribution at week 12. Despite this, our results at week 4 are not consistent with prediction from previous studies that recruits of Didemnum would experience strong biotic interactions when young and therefore should exhibit patchy distributions (Sams & Keough, 2012a) . Didemnum recruits can alternate between different life-history strategies, which would result in high phenotypic (trait) plasticity. Consequently, colonial ascidian populations at week 4 may show significant patch effects if we examined their trait values instead of percentage cover.
Overall, we find that communities exhibit significant variation among patches and within patches. Generally, communities in different patches are less similar to each other than communities within the same patch. Stochastic settlement seems to drive early variation in communities among patches, but competitive interactions among species appear to dominate later. Opportunistic taxa that rely heavily on fast colonization of free space showed random distribution at both scales, but only during early assembly when biotic interactions were the weakest. Slow colonizers that develop to become strong competitors as adults tend to show random distribution during later assembly stages. Nevertheless, we find no evidence for communities among patches to become more similar over time. 
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